Introduction
Corneal crosslinking (CXL) has been used for the treatment of progressive keratoconus for more than a decade, halting the progression and stabilizing vision and corneal curvature in most cases. [1] [2] [3] [4] The Dresden protocol, consisting of a 3 mW/cm 2 irradiance during 30 mins and the use of riboflavin as a photosensitizer, has been considered as the standard CXL treatment as extensive evidence has demonstrated its safety and efficacy on improving clinical and topographical outcomes. 1, 2, 5, 6 Novel accelerated CXL modalities have allowed shorter treatment periods through higher irradiance levels, keeping a constant total energy dose (Bunsen-Roscoe law of reciprocity). [7] [8] [9] Moreover, the introduction of pulsed UVA light CXL methods that permit a better oxygen diffusion to the corneal stroma during the irradiation period has enhanced the efficacy of high fluence (accelerated) CXL treatment modalities. [10] [11] [12] Regardless of the CXL modality treatment, the corneal stromal demarcation line (DL) central depth has been continuously proposed as a feasible predictor for clinical and topographic efficacy and as an objective measurement of stromal collagen fiber crosslinking. [13] [14] [15] [16] Higher fluence irradiation and continuous UV light modalities have been associated with a more anterior (superficial) DL and with a lessen effect of corneal CXL on visual and topographic outcomes when compared with the Dresden protocol and pulsed UV light treatment modalities. 4, 7, 11, 17 However, there is limited evidence on the efficacy of pulsed accelerated CXL protocols to halt or stabilize keratoconus progression and on the correlation of corneal DL with the visual and topographic outcomes of these CXL modalities.
We report the visual and topographic results of two different pulsed-light-accelerated CXL protocols (30 mW/cm 2 and 45 mW/cm 2 ) at one-year follow-up and compare and correlate the DL of the two protocols with the functional outcomes.
Materials and methods
Eyes of patients with diagnosis of progressive keratoconus who underwent corneal accelerated pulsed-light [ Inclusion criteria for corneal CXL were documented progression of keratoconus, defined as 1 or more of the following changes: change of ≥1D in the maximum anterior corneal curvature (K max ), a thinning of more than 10 µm in the minimal pachymetry observed in 2 consecutive tomography maps or a 0.50 D increase in spherical equivalent (SE) within 12 months. 18 Patients with corneal thickness of ≥350 µm were included only if intra-operative pachymetry >400 µm was achieved using hypotonic riboflavin solution. Exclusion criteria to receive CXL treatment were corneal apical scarring, concomitant ocular infection (including history of herpes keratitis), history of connective tissue diseases or systemic medications likely to affect corneal epithelization, pregnancy and lactation during the study period. A full ophthalmological examination was performed to all patients before CXL treatment including uncorrected (UDVA) and corrected (CDVA) distance visual acuities, subjective refraction (sphere and cylinder) and SE, corneal topography including maximum (K max ) and minimum (K min ) and mean (K m ) keratometries, topographic astigmatism (Ast) and minimal thinnest pachymetry (TCT) and central corneal thickness (CCT) (Pentacam HR, Oculus, Wetzlar, Germany). All measurements were performed at baseline, month 1, 3, 6 and 12 postoperative. Endothelial cell density (ECD) was measured at baseline, month 3, 6 and 12 postoperative (Cell Check SL, Konan Medical USA Inc, Irvine, CA).
Anterior segment OCT (Optovue Inc, Freemont, CA, USA) was performed at month 1 postoperatively; the corneal stromal DL was identified centrally on the horizontal meridian and measured with the flap tool provided by the manufacturer as the distance from corneal epithelium to the hyperreflective DL. Two independent examiners (D.L.G, J.C.H.C.) measured the central depth of the DL. Postoperative stabilization of keratoconus was defined as a change in maximum K of no more than ±1.00 D. 19 
Surgical technique
Corneal CXL was performed under sterile conditions. After topical anesthesia with tetracaine clorhidrate 0.5% (Ponti ofteno™, Sophia Labs, Jalisco, Mexico), the central 9.0 mm of the corneal epithelium was mechanically debrided with a blunt spatula. After epithelium removal, 0.1% riboflavin in a hydroxy-propyl methylcellulose solution (Vibex Rapid, Avedro, Inc.) was applied every 2 mins during 10 mins into the corneal stromal bed. At the end of the riboflavin soak, the solution was rinsed from the ocular surface using balanced salt solution and central ultrasound pachymetry was performed (Accutome AccuPach V, Malvern, PA, USA). In patients with CCT <400 µm, hypotonic riboflavin 0.1% solution (MedioCROSS H, Avedro, Inc) was instilled every 15 s until CCT was ≥400 µm. The corneal stroma was then exposed to pulsed [ showed a similar performance in UDVA over time, but a statistically significant improvement was observed from month 6 (p=0.017) until the end of the follow-up (p=0.007, month 12 postoperative). A statistically significant improvement in CDVA compared with baseline measurements was observed at month 12 in both accelerated pulsed CXL groups (Table 2) . No statistically significant differences were observed in UDVA or CDVA when comparing between groups through the follow-up period.
A non-significant decrease in SE was observed for both groups until month 3; in months 6 and 12 postoperative, a significant decrease with regard to baseline SE was observed (Table 2) . Likewise, topographic astigmatism, K min , K max and K m had a similar non-significant decrease until month 6 and 12 postoperative, when a significant difference (decrease) with regard to baseline measurements was observed. A significant decrease in CCT and TCT was observed for both groups in month 1 postoperative (p<0.001 for both groups), observing a consecutive return to baseline values in corneal thickness toward month 12 postoperative (Table 2) . No significant changes Table 4) .
Discussion
The corneal stromal DL is thought to be a direct marker of the effectiveness of CXL on the treated stroma; however, its precise pathophysiology and possible influence on the clinical and topographic outcomes is still indefinite. 13, 20 Evidence has shown that accelerated (>3 mW/cm 2 ) and continuous-light CXL protocols tend to form a more anterior or superficial corneal demarcation stromal line when compared with the original Dresden protocol and with pulsed-light treatments, respectively, associating a shallower DL with a reduced improvement on the functional and corneal topographic profile. 4, 11, 12, 21, 22 We report the reporting the use of pulsed-light CXL with 45 mW/cm 2 irradiance; however, they did not observe a DL through anterior segment OCT, attributing this to the epithelial permeability to riboflavin since it was an epithelium-on CXL protocol. With regard to this, our data as well as previous clinical evidence 4, 17 suggest that higher irradiance CXL protocols are associated with a shallower DL, as it was with the 45 mW/cm 2 irradiance group compared with the lower irradiance group (30 mW/cm 2 ). Similar to Pircher et al 27 who described the findings on a continuous-light-accelerated CXL protocol (9 mW/cm 2 ), our study did not observe a statistically significant correlation between the stromal central depth of the CDL and any topographic or visual outcome. On the other hand, Ng et al described a correlation between the deeper CDL on conventional CXL (3 mW/cm 2 protocol) and the change in mean keratometric readings (r=−0.432, p=0.045). between the DL depth and flattening in the keratometric values (K1, K2, mean K and maximum K) and improvement in UDVA and CDVA for different accelerated CXL protocols after 12 months. Cumulative evidence with regard to the effectiveness of accelerated protocols to stabilize and/ or improve keratoconus seems to favor conventional and low irradiance CXL protocols, since deeper DL have been correlated in some studies with an increasing flattening effect and improved clinical outcomes. 4, 7, 17, 24 However, the results in this and other similar studies 10, 11, 24, 26 suggest that pulsed-light-accelerated CXL protocols are effective in stabilizing and improving topographic and functional outcomes in eyes with progressive keratoconus despite the depth of the DL. In our series, over 85% of the eyes in both protocols achieved stabilization or improvement in maximum K at 12 months compared to baseline. In this study, both pulsed-light-accelerated CXL protocols showed a significant improvement on CDVA, SE, topographic astigmatism, K min , K max and K m at a 12-month follow-up without a between-group significant difference at any time point. Similar results in functional and topographic outcomes have been observed for the pulsed-light-accelerated CXL with 30 mW/cm 2 regardless the depth of the DL.
4,11,23
Although Zhang et al 26 reported a significant improvement in UDVA and CDVA in their epi-on pulsed-light 45 mW/cm 2 CXL protocol, they did not observe any significant improvement in SE, K max or topographic astigmatism at a 12-month follow-up. Other than a longer follow-up to assess ulterior topographic changes for the latter study, a possible explanation of the lessen effect of CXL on corneal topography in this study is the use of a transepithelial CXL, since most of the available evidence favors epi-off CXL as the more effective method for strengthening the cornea and stabilizing keratoconus. 19, 28, 29 In our study, similar topographic and visual results than the A-CXL (30*8) group were observed for the higher irradiance A-CXL (45*5:20) group despite the shallower DL. Group A-CXL (45*5:20) showed a significant improvement in UDVA since month 6 postoperative and until the end of the follow-up period, and although similar, group A-CXL's (30*8) improvement in UDVA was not statistically significant through the follow-up period. Also, significant improvement compared to baseline measurements in CDVA, SE, topographic astigmatism, K min , K max and K m were observed in both groups at the end of the follow-up. Particularly, the decrease >1.5D in K min , K max and K m (Tables 2 and 3 ) at 12 months observed for 30 mW/cm 2 was noteworthy when compared to the modest decrease in keratometric parameters observed in similar reports. 4, 11, 25 Even when Bowes et al 30 reported a similar behavior to our cohort in keratometries (decrease of 1.2D in K max at 12 months, range −5.6-+1.6 D) using a pulsed-light-accelerated CXL protocol (30 mW/cm 2 ), evidence with regard to high irradiance pulsed-light protocols refractive, topographic and visual outcomes are scarce and inconclusive. Another consideration about the reported topographic result in our study is the young age of the patients; our cohort included 17 patients aged 19 or younger (mean age 19.76±4.63), and as reported in previous experience with CXL in pediatric population, a different behavior is expected in the postoperative topographic profile (changes in K max , Average K). 31, 32 With regard to the treatment failure rate, although not statistically significant difference was observed between groups, 3 (13.5%) eyes in the group A-CXL (30*8) and 2 eyes (7%) in the A-CXL (45*5:20) group showed topographic progression of keratoconus, suggesting that our sample size was possibly inadequate to detect the effect size (change in K max ) with our specified study power (β=0.20); hence, a larger sample size is necessary to detect statistically significant differences in topographic progression between groups. None of the groups showed significant changes on ECD or complications associated to the CXL procedure at any point of the follow-up. Remarkably, both groups exhibited a significant decrease in CCT and TCT at month 1 postoperative, but both returned gradually over time to values similar to baseline. Greenstein et al described similar findings in 54 eyes with keratoconus after conventional CXL, with a significant thinning at month 1 postoperative and a progressive recovery to baseline measurements at month 12. 33 In this matter, we described a moderate positive correlation between baseline CCT and the change in K min , K max and K m , observing a more significant flattening in thinner corneas in both groups. A similar finding was described by Toprak et al who observed that corneas with baseline TCT less than 450 µm were found significantly associated with more flattening in maximum keratometry.- 34 The reason and implications of these findings, although attributed to inherent biomechanical properties of thinner corneas, remain to be elucidated. To our knowledge, this is the first report on the use of epi-off pulsed-light 45 mW/cm 2 irradiance CXL protocol.
Although ex vivo evidence had shown that Bunsen-Roscoe reciprocity law was valid for irradiance values up to approximately 40-45 mW/cm 2, 35 limited clinical data are available on the effectiveness of high irradiance CXL protocols due to the possible reduced biomechanical effect of CXL secondary to the increased oxygen consumption in the corneal stroma. 36 Recently, an animal model assessing different CXL continuous irradiations between 3 and 90 mW/cm 2 with different exposure durations showed a consistent decrease in the stiffening of the tissue with reducing the irradiance duration (increasing irradiation). 37 In this matter, pulsed UVA light is likely to have a compensatory effect to the oxygen depletion associated to the use of high levels of irradiance, optimizing intraoperative oxygen availability and increasing the effective biochemical crosslinking reactions in the corneal stroma, evidenced in many series as a deeper DL and stabilization or improvement in topographic and visual outcomes. [10] [11] [12] 23 This study is retrospective and comparative in nature (hence, it was not blinded or randomized), has short followup (12 months) and lacks a control group undergoing conventional (Dresden protocol) CXL, all of which may increase the risk of bias. Also, the study included measurements obtained from both eyes (right and left eyes) of the same subject and these data are usually correlated; therefore, the variance between eyes is usually less than that between subjects. In this matter, we decided to use both eyes in the statistical analysis to avoid rejecting valid data, reducing the potential power of the study and elude ethical considerations (subjecting patients to measurements that were not used in subsequent analysis). Finally, although no statistical difference was observed between the topographic and visual outcomes of the two aCXL protocols (30*8 vs 45*5:20) and both protocols suggest being safe and effective to stabilize keratoconus progression at 12 months, increasing the power of the study (larger sample) is compulsory to ascertain these findings.
Conclusion
In conclusion, even when evidence has shown that topographic and functional improvement of keratoconus after CXL does not necessarily follow a linear trend over time due to stromal remodeling (especially in pediatric population) and a longer follow-up is needed to assess stabilization and regression, this study showed that for these two pulsed A-CXL protocols at a 12-month follow-up the hypothesis of a correlation between the DL depth and postoperative visual and topographic outcomes does not apply. Regardless of the DL depth, both protocols (30*8 and 45*5:20) seem to be safe and effective to achieve topographic stabilization or improvement in >85% of the eyes at 12 months; however, further studies with a longer follow-up and larger samples are mandatory to confirm these latest observations.
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